The thermal conductivity of a geological formation is one of the important petrophysical parameters which are preferable to study in situ in geophysical well logs. A new technique for the determination of formation thermal conductivity has been developed. We assumed that formation dry density, porosity, and pore fluids saturations could be determined from core samples or cuttings. In this case the specific heat and density of a formation can be quantitatively estimated. It is also assumed that the instantaneous heat flow rate and time data are available for a cylindrical probe with a variable heat flow rate placed in a wellbore. A semi-theoretical equation describing the temperature of the probe's wall is used to determine in situ the formation conductivity as a function of the temperature increase. The formation thermal diffusivity is also calculated. A field example is presented. 
Introduction
The determination of thermal conductivity from geophysical well logs is of high importance for the study of Earth's deep structure and its heat generation, for investigations of many environmental phenomena, and for searching out various types of economic minerals [1] [2] [3] [4] [5] [6] [7] [8] . Due to insufficient information about in situ values, the thermal conductivity of a geological formation is usually obtained from laboratory measurements. These not only complicate the investigation of this important geophysical parameter, but also slow down the adoption of important operational decisions.
Earlier a semi-theoretical equation to approximate the dimensionless heat flow rate from an infinite cylindrical source with a constant bore-face temperature was suggested [9] . This equation was used to develop a technique for in situ evaluation of the values of a formation's thermal conductivity and of the thermal resistance of the borehole expressed through the skin factor [10] . We assumed that a formation's dry density, porosity, and pore fluids saturations could be determined from core samples or cuttings. In this case the specific heat and the density of formations can be estimated [11] . Earlier a new technique was developed for the determination of both the formation thermal conductivity and the skin factor. It was assumed that the instantaneous heater's wall temperature and time data were available for a cylindrical probe with a constant heat flow rate, placed in a borehole.
Calculations conducted by Mufti [1] revealed that, for practical purposes, a cylinder whose length is 5 times or more its diameter could be treated as an infinite cylinder. In this case the heater can be considered as an infinite cylindrical source of heat. Burkhardt et al. [12] presented a detailed review of a borehole tool, based on the theory of a cylindrical heat source from an example at the KTB Superdeep borehole (Germany). A semi-analytical equation was used to approximate the dimensionless wall temperature of the heater [13] .
The only objective of this paper is to suggest a new technique for the determination of a formation's thermal conductivity using a cylindrical probe with a heat flow rate that is a variable (quadratic) function of time placed in a wellbore. To this end, it is also important to demonstrate that the recorded temperature changes are sensitive to variations in the thermal conductivity values.
We assume that a formation's dry density, porosity, pore fluids saturations could be determined from core samples or cuttings. In this case the specific heat and density of a formation can be estimated. A semitheoretical equation [14] describing the temperature of the probe's wall is used to determine in situ a formation's conductivity as a function of the temperature increase. The formation thermal diffusivity is also calculated. The next step in validation of the proposed technique is to conduct a number of field or laboratory tests and compare the results of these tests with those obtained by the utilization of the proposed method. A field example is presented below.
Effective radius of the heater
To take into account the effect of a probe's casing and the contact thermal resistance on the probe's temperature we will use the effective radius concept. This approach has been widely adopted in transient pressure and flow well testing [15] to evaluate the effect of formation damage (improvement) around the borehole on the pressure at the borehole's wall. Firstly, we introduce a skin factor (s) -a parameter which enables one quantitatively to determine the effect of the well's thermal resistance on the heat flow rate. In our case
where is the well radius, is the radius of the heater, λ is the thermal conductivity of the formation (around the borehole), λ is the effective thermal conductivity of the − annulus. For an open (uncased) borehole, the − annulus is filled with the drilling fluid (or air) and mud cake, a plastic-like coating of the borehole resulting from solids in the drilling fluid adhering and building up on the wall of the hole. The − ring in a cased borehole is composed of drilling fluid, steel, and cement. It is more convenient to express the skin factor through the apparent (effective) heater radius [15] .
where is the effective radius of the heater.
Methods of estimating the skin factor have been presented earlier [10, 13] .
Working equation
Below we present a semi-analytical formula which will allow estimating the temperature increase versus time [14] . Let's assume that at the surface of the cylinder the radial heat flow rate (into a geological formation) is a quadratic function of time:
where q is the heat flow rate, A 0 is the reference rate of heat generation per unit of length, 0 1 2 are coefficients, ρ is the density of the heater's material, is the reference rate of heat generation per unit of mass, and D is the dimensionless rate of heat. Then we can describe the transient temperature at the cylinder's wall (T V ),
where a is the thermal diffusivity of formation. When s = 0, then instead of the apparent heater radius is used.
Determination of the thermal conductivity and diffusivity
From Eq. (3) 
Let us assume that for a given formation the range of values of thermal conductivity or thermal diffusivity is known. Very often a density and specific heat product (ρ ), also known as the volumetric heat capacity (C ), is used. For fluid-saturated rocks the effective specific heat ( ) and average density of a formation (ρ) can be estimated from the following equations [11] :
where ρ is the average density, C is the effective volumetric capacity, is the porosity, M M M and M are the isobaric volumetric heat capacities of the solid, oil, water, and gas phases, respectively, S , S and S are the saturation of the oil, water and gas phases, respectively, ρ is the dry density, and ρ , ρ , and ρ are the densities of the water, oil and gas phases, respectively. In Eq. (4) the value of the thermal diffusivity can be expressed as = λ ρC
Then for an estimated value of from Eq. (4) the values of the temperature increase can be determined and the following plots can be constructed:
Now measuring the experimental values of the temperature increase (∆T at = ) the values of formation thermal conductivity (or diffusivity) can be determined. Below we present a field example where an electrical heater is substituted by a heat source -with heat generation due to cement slurry hydration in the − ( is the outer radius of casing) annulus. It is obvious that in this case the skin factor is zero.
Field example
In this example the heat source is the heat generated during cement hydration. When cement is mixed with water, an exothermic reaction occurs and a significant amount of heat is produced. This amount of heat depends mainly on the fineness and chemical composition of the cement, the additives, and the ambient temperature. As in any exothermic reaction, the rate of heat generation during cement hydration increases with the increase of the ambient temperature. It was observed that a quadratic equation can be used for short intervals of time to approximate the rate of heat generation (q) per unit of length as a function of time [14] . In our case the heat source is the heat generated during cement hydration. Then Eq. (3) can be represented in the following form
is the outside radius of casing, and ρ is the density of cement. It is assumed that the cement occupies the − annulus (the direct cement slurry and formation contact) and, therefore the skin factor is equal zero. The reference rate of heat generation per unit of mass is an arbitrary parameter and, for simplicity, we can assume that, for example, for two curves in Figure 1 :
. We will call these two curves as Al80 and Al112. 
where * is the time since the cement slurry placement. A study was conducted to determine a formation thermal conductivity. The rate of heat generation is presented in Figure 1 
The average squared deviation from the approximation values of q by the quadratic equation is 1.57%. It should be noted that in this example the heat flow is produced by a chemical reaction (cement slurry hydration) and the heat flow rate cannot be controlled. When, in contrast, an electrical heater is used, then the heat flow rate can be approximated with very good accuracy by a quadratic equation.
From Eq. (3) where R is the average squared deviation. For a value of ∆T = 6 8 • C (randomly taken from Figure 3 ):
Let us assume that in this example the value of ∆T is determined with the accuracy ε = ± 6 min = ± 0.1 hr. Then for the value of ∆T = 6.9 hr we obtain λ = 3.901 J× m
and the relative error for ε = + 0.1 is (3.901 -3.987)×100/3.987 = -2.2%. Similarly, for the value ∆T = 6.7 hr we obtain λ = 4.076 J× m
and the relative error for ε = -0.1 is (4.076 -3.987)×100/4.076 = +2.2%. Taking into account the accuracy of the quadratic formula, the error in determining thermal conductivity is 2.2% + 0.9% = 3.1%. A quadratic equation is used only for this example. In a general case the values of λ should be estimated from Eqs. (4) and (7) . A general error analysis is based on Eqs. (4) and (7) . The value of a is substituted into Eq. (4) . After this the values of λ are estimated for a range of experimentally measured values of ∆T .
The results of calculations of D and ∆T are presented in Figure 3 . It is interesting to note that the maximum values of the temperature increase and the dimensionless heat flow rate do not coincide in time.
Conclusions
A method for determining in situ formation thermal conductivity and thermal diffusivity has been developed. This method is based on a semi-analytical equation which approximates the heat flow rate from an infinitely long cylindrical source with a variable heat flow rate. The authors suggest that the application of this method will sufficiently increase the accuracy of the aforementioned parameters' determinations and improve real-time decision making.
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